Ϫ/Ϫ mice, while the EPSP amplitude was reduced by only 30% in CT mice. Moreover, neuromodulation was significantly altered as muscarine abolished respiratory network activity in ␣ 1A Ϫ/Ϫ mice but not in CT mice. We conclude that excitatory synaptic transmission dependent on N-type and P/Q-type calcium channels is required for stable breathing and sighing. In the absence of P/Q-type calcium channels, breathing, sighing, and neuromodulation are severely compromised, leading to early mortality.
Introduction
During postnatal development, ion-channel and receptor subtypes exhibit complex expression profiles that differ in different brain regions (Möhler, 2006; Hall and Ghosh, 2008; Hirtz et al., 2011) . These expression profiles have important functional consequences that depend upon metabolic, modulatory, disease, and activity states (Peña et al., 2004; Doi and Ramirez, 2008; Jansen et al., 2010; Moreno and Ribera, 2010; De Marco García et al., 2011; Tse et al., 2011) . Ion channels that are redundant in one state may become critical at another state (Peña et al., 2004) . Thus, even apparently simple monogenic disorders reveal complex phenotypes. For example, patients with the same sodium channelsubunit mutation exhibit broad ranges of seizure severity and onset (Gourfinkel-An et al., 2004; Glasscock et al., 2007) . Similarly complex are the consequences of mutations in P/Q-type voltage-gated calcium channels (Ca v 2.1), which can result in migraine, epilepsy, and ataxia (Ophoff et al., 1996; Zhuchenko et al., 1997) . Mouse models with a Cacna1a mutation reveal different phenotypes at different developmental stages (Zhang et al., 2004; Neychev et al., 2008; Pietrobon, 2010; Mark et al., 2011) .
Here, we studied the functional consequences of a genetic ablation of P/Q-type voltage-gated calcium channels (Ca v 2.1) (Jun et al., 1999) on the respiratory network. This network is functionally well characterized and Ca v 2.1 differentially contributes to different forms of respiratory patterns (Lieske and Ramirez, 2006) . Located within the ventrolateral medulla, a kernel of several hundred neurons (Hayes et al., 2012) forms the pre-Bötzinger Complex (preBötC), which is essential for breathing (Smith et al., 1991; Ramirez et al., 1998b; Wenninger et al., 2004; Tan et al., 2008) and is sufficient in isolation to generate neuronal activity patterns resembling eupneic activity (normal respiratory activity) and sigh and gasping activity (Lieske et al., 2000; Ruangkittisakul et al., 2008) . In fact, the same pre-BötC neurons can be active during eupnea, gasps, and sighs.
Pharmacological experiments suggest that sighs and eupneic output are critically dependent on calcium currents carried by P/Q-type channels (Lieske and Ramirez, 2006) . P/Q-type channels mediate synaptic transmission at the presynaptic terminal (Turner et al., 1992; Wheeler et al., 1994; Dunlap et al., 1995) and these channels can be specifically blocked by -agatoxin IVA (Mintz et al., 1992; Turner et al., 1992) . This approach has been Phenotype of ␣ 1A Ϫ/Ϫ mice As described before, homozygous ␣ 1A -null mutant mice (KO) were initially viable and showed few symptoms in the first postnatal week, but developed a more severe phenotype entering the second postnatal week. All KO mice became severely ataxic, had a significantly lower body weight, and progressively lost the ability to move before their death between postnatal day (P) 20 and P30 (Jun et al., 1999) . Heterozygote littermates of KO mice showed no apparent abnormalities in all analyzed parameters and were fertile. Therefore, heterozygote mice were grouped with wild-type littermates in one single group [control mice (CT)] for further analysis.
In vivo whole-body plethysmography
The breathing of unanesthetized and unrestrained mice (males and females) was assessed using a constant flow whole-body plethysmograph (Buxco Research System) during the first (P5-P6) and the second (P11-P12) postnatal weeks. Each animal was acclimatized in a 200 ml chamber maintained at 25°C and continuously ventilated with air (300 ml/min) for at least 10 min before ventilation measurements were obtained. Measurements of rectal temperature revealed no differences between CT and KO mice. Changes in pressure caused by inspiration and expiration were measured, using a differential pressure transducer (Buxco Research System) , and then amplified and digitally recorded. We characterized the respiratory frequency [Rf; in cycle per min (c . min Ϫ1 )], the tidal volume (VT, l) normalized as the ratio VT divided by the body weight (VT/B, l.g Ϫ1 ), the minute ventilation (Ve, ml . g Ϫ1 . min Ϫ1 ), and the sigh frequency (sighs . min Ϫ1 ) during a period of quiet breathing of few minutes. For statistical analysis, differences were considered significant when p Ͻ 0.05. The significance of difference between genotypes (KO vs CT) was determined by Student's t test.
In vivo recordings from anesthetized freely breathing mice
All male and female CT and KO mice (P16 -P21) were anesthetized with urethane (1.5 g/kg) before the recordings. The mice were subsequently placed in a supine position, and the head was fixed with a stereotaxic apparatus. Gas mixtures were supplied to the mice by a plastic nose cone placed over the mouth. The mice were initially kept on room air without ventilation to obtain stable breathing recordings, followed by a mixture of 95% O 2 and 5% CO 2 for 10 min, before they were exposed to severe hypoxia (95% N 2 and 5% CO 2 ). To compare the hypoxic responses, KO and CT mice were exposed to severe hypoxia for 1, 1.5, and 3.5 min. Electromyography recordings of the intercostal muscles were recorded with a Teflon-covered Ag bipolar electrode. The skin over the abdominal and intercostal area on the right side was partially removed, and the bipolar electrode was placed on the surface of the intercostal muscles. Signals were AC amplified and bandpass filtered (8 Hz-3 kHz).
Preparation of brainstem slices and population recordings
Transverse brainstem slice (550 -600 m thick) preparations containing the preBötC were obtained from 5-14-d-old mice (null mutants and hemizygous and wild-type littermates) as described in detail previously (Ramirez et al., 1998a) . The slices were transferred into a recording chamber and superfused with 100 -200 ml of artificial CSF (aCSF) containing (in mM) 118 NaCl, 3 KCl, 1.5 CaCl 2 , 1 MgCl 2 , 25 NaHCO 3 , 1 NaH 2 PO 4 , and 30 D-glucose, and equilibrated with carbogen (95% O 2 -5% CO 2 , pH 7.4) in a recycling system. Temperature was maintained at 30 Ϯ 1°C. After 20 min, the concentration of KCl was raised to 8 mM to obtain spontaneously rhythmic population activity from the ventral respiratory group (VRG). Only one set of experiments was performed on an individual slice, and only one rhythmic slice could be obtained from any individual mouse. For experiments with Ca 2ϩ antagonists, the bath volume was reduced to 50 ml and the activity recorded for 10 -20 min before bath application of the drugs. Population recordings were obtained from the caudal surface of the slices at the region of the VRG with glass electrodes (Ͻ1 M⍀) to achieve multiunit recordings. The activity was amplified (10,000ϫ) and filtered (bandpass, 0.3-5 kHz) using a differential AC amplifier (Model 1700, A-M Systems) and then rectified and integrated (time constant, 50 ms) using an analog dual channel integrator (JFIE 1620A, James Franck Institute Electronics Laboratory, University of Chicago). Data were digitized with an Axon Digidata A/D converter (1320, 1440A) and PClamp software (version 9.2 and 10.0; Molecular Devices) and stored on PCs for further analysis. We measured the fictive inspiratory burst frequency, amplitude, and the sigh frequency during control conditions and during drug application or anoxia (Ͻ1% O 2 ). All drugs were supplied from Sigma-Aldrich or Tocris Bioscience.
-Agatoxin IVA was purchased from Alomone.
Intracellular recordings of preBötC neurons
Whole-cell patch-clamp recordings were obtained from inspiratory neurons of the preBötC using the blind patch technique. For the recordings, patch electrodes were manufactured from borosilicate glass and had a resistance of 3-8 M⍀. They were filled with solution containing (in mM) the following: 140 K-gluconic acid, 1 CaCl 2 , 10 EGTA, 2 MgCl 2 , 4 Na 2 ATP, 10 HEPES. Intracellular recordings were performed in currentclamp conditions using BVC-700A (Dagan) and Multiclamp 700B (Molecular Devices) amplifiers. In a subset of experiments, the intracellular solution contained biocytin (4.5 mg/ml) to identify the morphology and location of the recorded cells (see Fig. 7A ). Throughout the study, we characterized only one neuron per slice and per animal.
Evoked EPSPs induced by electrical stimulation of the contralateral preBötC
After whole-cell configurations from inspiratory neurons were established, the aCSF superfusing the slice was replaced with aCSF with 3 mM potassium to silence the network and hyperpolarize the cells to eliminate spontaneous firing. EPSPs were evoked by a brief electric stimulation pulse of the contralateral preBötC (1 ms; 10 -100 A) at a frequency of 0.1 Hz delivered through the glass surface electrode used prior to record the population activity. Before drug application, at least 30 consecutive EPSPs were recorded to obtain a stable baseline. The amplitude of the evoked EPSPs was measured as the difference between the peak voltage deflection within 20 ms following the stimulation artifact and the resting potential 1 s after the stimulation. Statistical significance between the groups was assessed with an unpaired Student's t test (Prism 4, GraphPad Software).
Lung histology
Twelve-day-old mice were killed, their tracheas dissected and cannulated with a 24 gauge catheter (Surflo IV, Terumo), and the cannulas secured with 2.0 silk ties. A median sternostomy was performed and the diaphragms were removed. Then the left kidney was dissected and the left renal artery was cut. The lungs were inflated to 20 cm H 2 O with medical air and the lungs were fixed by intravascular perfusion by injection of 4% paraformaldehyde into the right ventricle at Ͻ18 cm H 2 O until the 4% paraformaldehyde was seen to leak into the peritoneal cavity from the left renal artery. The trachea was ligated with 2.0 silk and the entire animal was placed in 4% paraformaldehyde for 24 h. After 24 h in paraformaldehyde, the heart-lung block was removed and placed into 70% alcohol. Then the lungs were embedded in paraffin and lung sections were prepared and stained with hematoxylin and eosin for light microscopy.
Tissue preparation and histological analysis of the preBötC area
Histology was performed on transverse brainstem slices (550 -600 m thick) containing the preBötC obtained from 5-14-d-old mice (KOs and littermates) as previously described in Materials and Methods section. Slices were fixed in cold buffered 4% paraformaldehyde in 1ϫ PBS, frozen in optimum cutting temperature compound (OCT, VWR International), cryostat sectioned at 16 m [for immunofluorescence and in situ hybridization (ISH)], and mounted on Superfrost Plus slides (Thermo Fisher Scientific). Slide-mounted sections were stored at Ϫ80°C until needed. For Nissl staining, 16 m sections were stained with 0.5% cresyl violet, as previously described (Hevner et al., 2001) .
ISH. Nonradioactive ISH, using digoxigenin-labeled Vglut2 RNA antisense probe (Roche Diagnostics), was done with 16 m slide-mounted sections as previously described (Bedogni et al., 2010) . Vglut2 probe was synthesized from the Vglut2 cDNA spanning ϳ1200 bp (2527 bp position to 3728 bp position of the published Vglut2 PubMed clone BC038375) subcloned into pBSIISK(ϩ) at the HindIII and NotI restriction sites. Antisense ISH results were replicated on 3-5 pups from at least two different litters for each age group examined.
Immunohistochemistry. Immunohistochemistry was done as previously described (Bedogni et al., 2010) . Briefly, for immunofluorescence, cryosections were air dried at room temperature for 15 min, washed three times in PBS, blocked for 1 h at room temperature with 10% goat serum in PBS containing 0.1% Triton X-100 and 0.2% bovine serum albumin (blocking solution) and then incubated overnight at 4°C with primary antibodies appropriately diluted (see below) in blocking solution. Species-specific fluorescent-tagged secondary antibodies (Invitrogen/ Life Technologies; Alexa-Fluor-488 and Fluor-546 at 1:400 dilution in blocking solution) were applied for 2 h at room temperature, and sections were counterstained with the nuclear label DAPI (Invitrogen/Life Technologies) and coverslipped with microscope cover glass (Thermo Fisher Scientific) using Fluormount-G (Southern Biotech). The following primary antibodies were used at the dilutions indicated: rabbit polyclonal anti-Nk1R (Advanced Targeting Systems; 1:500), anti-activated caspase-3 (Cell Signaling Technologies; 1:500).
Image analysis and cell counting. Images of antigens of interest at high magnification were obtained using a Zeiss LSM 710 confocal microscope (40ϫ objective; 405, 488, and 543 nm laser lines). Mosaic images at low magnification were obtained using a Zeiss ApoTome (10ϫ objective). For Vglut2 (Slc17a6 ) mRNAϩ cells within the preBötC area, counts were made from CT and KO littermates at comparable levels, approximately every fifth slide-mounted 16 m section. Total Vglut2ϩ cell numbers/ section within individual preBötC were assessed from adjacent sections stained with NK1R to determine the exact location of preBötC. The total number of cells within preBötC was counted as DAPIϩ cells within a 40ϫ microscopic field encompassing the preBötC area (assessed from double immunofluorescence staining with NK1R). For all cell counts, 3-4 KOs and controls at both postnatal stages were used and data are presented as mean Ϯ SEM. Statistical analysis was conducted using GraphPad Prism 5 software. To assess significance between controls and KOs at each postnatal age group, we used unpaired, two-tailed, Student's t test.
Statistical analysis
Numerical data are presented as the mean Ϯ SEM. N values represent the number of mice or slices or neurons from which the quantification was conducted. Otherwise stated differences between two groups were determined by the unpaired Student's t test. Differences between Ͼ2 groups were determined using one-way ANOVA followed by multiplecomparisons testing (Tukey's comparison) using GraphPad Prism 5. All differences were considered significant at p Ͻ 0.05.
Results
In vivo recording of breathing activity in unrestrained ␣ 1A Ϫ/Ϫ mice under control conditions Breathing activity of unanesthetized and unrestrained ␣ 1A Ϫ/Ϫ (KO) mice was assessed and compared with their CT littermates during the first (P5-P6; n ϭ 12 CT; n ϭ 6 KO) and second (P11-P12; n ϭ 16 CT; n ϭ 11 KO) postnatal weeks using wholebody plethysmography ( Fig. 1 A, B) . At these stages, KO mice had a lower weight than CT littermates ( Fig. 1C,D ; unpaired t test, t (16) ϭ 3.481, p Ͻ 0.01 and t (25) ϭ 4.399, p Ͻ 0.001 for first and second postnatal weeks, respectively). During the first postnatal week, KO mice showed a significant lower Rf compared with CT mice (122 Ϯ 15 and 179 Ϯ 13 c . min Ϫ1 for KO and CT, respectively; unpaired t test, t (16) ϭ 2.636, p ϭ 0.018), while the VT/B was not affected (13.2 Ϯ 2.2 and 13.8 Ϯ 1.2 l.g Ϫ1 for KO and CT, respectively; p ϭ 0.79). Thus the Ve tended to be lower for KO mice (1.8 Ϯ 0.4 ml.min Ϫ1 .g Ϫ1 ) compared with CT mice (2.6 Ϯ 0.4 ml.min Ϫ1 .g Ϫ1 ) but was not significantly altered at this stage ( p ϭ 0.19; Fig. 1C ). By contrast, during the second postnatal week (Fig. 1 D) , Rf, VT/B, and Ve were significantly lower in KO mice (Rf, 145 Ϯ 19 c . min Ϫ1 ; VT/B, 12.8 Ϯ 2.0 l.g Ϫ1 ; Ve, 2.2 Ϯ 0.6 ml.min Ϫ1 .g Ϫ1 ) compared with CT mice (Rf, 234 Ϯ 10 c . min Ϫ1 ; VT/B, 19.7 Ϯ 1.0 l.g Ϫ1 ; Ve, 4.7 Ϯ 0.4 ml.min Ϫ1 .g Ϫ1 ; unpaired t test, t (25) ϭ 4.580, p Ͻ 0.001 for Rf; t (25) ϭ 3.331, p ϭ 0.002 for VT/B; t (25) ϭ 3.754, p Ͻ 0.001 for Ve).
Of the 17 investigated KO mice, we found only three mice that generated any sighs: one of six at the age range of P5-P6 (16.6%) and 2 of 11 at the age range of P11-P12 (18%). By contrast almost all CT littermates sighed in vivo [n ϭ 8 of 12 (66.6%) at P5-P6; n ϭ 16 of 16 (100%) at P11-P12; Fig. 1C ,D]. Of these three KO animals that sighed, sighing was not normal. These mice had a Ͼ10-fold lower sigh frequency compared with CT mice during both the first (0.02 Ϯ 0.02 and 0.25 Ϯ 0.06 sigh . min Ϫ1 for KO and CT, respectively; unpaired t test, t (16) ϭ 2.412, p Ͻ 0.05) and second (0.07 Ϯ 0.05 and 0.93 Ϯ 0.09 sigh . min Ϫ1 for KO and CT, respectively; unpaired t test, t (25) ϭ 6.993, p Ͻ 0.001) postnatal weeks.
As previously described, sighs are always followed by a longer expiratory period (i.e., the postsigh apnea) and thus overall an extended respiratory cycle duration. There was no significant difference between the increase of the respiratory cycle duration of CT mice of the first (190 Ϯ 12%) and the second (184 Ϯ 8%) postnatal weeks ( p ϭ 0.68). Thus we pooled the values for the 24 CT mice of both age groups that sighed to compare them to the three KO mice of both age groups that sighed. After a sigh, we found no significant difference in the respiratory cycle duration increase between CT (187 Ϯ 7%) and KO mice (190 Ϯ 13%; p ϭ 0.95, Mann-Whitney t test).
Histology of lung tissue of ␣ 1A
؊/؊ mice It is well established for humans that breathing with constant volume leads to atelectasis and decreased lung compliance. Thus, sighing is hypothesized to prevent atelectasis and restore lung compliance (Caro et al., 1960; Ferris and Pollard, 1960; Reynolds, 1962; Bendixen et al., 1964; Bendixen, 1964; Reynolds and Wallander, 1989; Poets et al., 1997; Patroniti et al., 2002; Qureshi et al., 2009; Rival et al., 2011) . Based on these human data, we hypothesized that the absence of sighs may be associated with similar pathological changes in lungs of KO mice compared with CT mice. Air-inflated, intravascular-fixed lungs from 12-d-old CT and KO mice were prepared, sectioned, and stained with hematoxylin and eosin (Fig. 1 E) . Qualitative examination showed that all three examined lungs of CT mice have normal lung structure for P12 mice (Fig. 1 E-G) . In contrast, the lungs of all three examined KO mice had multifocal distribution of proteinaceous exudates (Fig. 1 F) and mixed inflammatory cell infiltrates composed of neutrophils, macrophages, and lymphocytes (Fig. 1 F) in the alveolar spaces, consistent with atelectasis. While we cannot prove that the absence of sighs has caused the atelectasis in KO mice, our finding is certainly consistent with the long-held hypothesis that the absence of sighs causes atelectasis.
Activity patterns from the preBötC in brainstem slices of ␣ 1A
؊/؊ mice under control conditions Our laboratory was the first to report that sighs can be generated in the isolated preBötC (Lieske et al., 2000) . Sighs are characterized by their large amplitude and biphasic discharge pattern and a postsigh apnea (Fig. 2 A, C) . We hypothesized that the lack of sighs as well as the disturbances in eupneic breathing as observed in vivo may also be reflected at the level of the isolated preBötC. In a first set of in vitro experiments, we recorded and compared the activity from slices of KO mice and their CT littermates. We analyzed frequency and duration of fictive eupneic bursts and the number of fictive sighs/10 min generated in the preBötC under control conditions. The data were assessed for two different age groups: (1) slices prepared in the first postnatal week (P5-P7) and (2) slices from mice in the second postnatal week (P9 -P14).
The frequency of fictive eupneic bursting did not significantly differ between KO and CT mice ( p ϭ 0.24, unpaired t test) in the first postnatal week and was 0.26 Ϯ 0.04 Hz in KO mice (n ϭ 7) and 0.36 Ϯ 0.04 Hz in CT mice (n ϭ 15). In contrast, slices of KO mice (n ϭ 17) prepared in the second postnatal week showed a significantly (unpaired t test, t (32) ϭ 3.075, p Ͻ 0.01) lower eupneic bursting frequency of 0.13 Ϯ 0.01 Hz compared with 0.26 Ϯ 0.03 Hz in slices from CT littermates (n ϭ 17). No significant difference in the duration of the fictive eupneic bursts was detected between KO and CT mice in either the first (CT, 299 Ϯ 17 ms; KO, 341 Ϯ 44 ms) or second postnatal week (CT, 404 Ϯ 20 ms; KO, 393 Ϯ 17 ms).
The majority of the 24 examined KO slices did not show any sighs under control conditions (Fig. 2 B) , but there were five KO slices that generated fictive sighs under control conditions (Fig. 2E) . There was an age-dependency: during the Figure 1 . A, B, Representative plethysmographic recording of the breathing activity of unanesthetized and unrestrained CT (A) and KO (B) mice during the second postnatal week. Note that CT mice showed a faster respiratory frequency compared with KO mice and were periodically generating larger amplitude inspiration, also called augmented breaths or sighs. C, From left to right, the charts show the body weight, Ve, and the proportion of CT and KO mice that sighed during the first postnatal week. D, Same as C but during the second postnatal week. Note that at both periods KO mice have a lower body weight than CT mice and that only a minority of the KO mice were able to generate sighs (first postnatal week, n ϭ 12 CT and n ϭ 6 KO; second postnatal week, n ϭ 16 CT and n ϭ 11 KO). E-J, Lung sections from CT (E-G) and KO (H-J ) mice at P12 stained with hematoxylin and eosin; note that the lungs from the CT mouse have a normal histology, whereas the lungs from the KO mouse show collapsed alveoli. F, G, Higher magnifications of CT mouse lungs show normal lung structure for P12 mouse. I, J, In contrast, higher magnifications of KO mouse lungs show a multifocal distribution of proteinaceous exudates and mixed inflammatory cell infiltrates composed of neutrophils, macrophages, and lymphocytes in the alveolar spaces, consistent with atelectasis (lung histology performed on 3 CT and 3 KO mice). **p Ͻ 0.01, ***p Ͻ 0.001; ns, non-significant. first postnatal week, four of seven (57%) KO slices generated sighs under control condition, while the majority (93%) of the 15 CT slices generated sighs (Fig. 2 F) . Also note that the four slices of the first postnatal week that generated sighs had a similar postsigh apnea compared with controls ( p ϭ 0.143; Fig. 2G ), which was independent of the baseline frequency of the eupneic activity.
During the second postnatal week, we found only 1 of 17 KO slices (6%) that generated sighs under control conditions, while 8 of 17 (47%) CT slices generated sighs under control conditions. Next, we characterized in slices that generated sighs the number of fictive sighs per 10 min bins and compared slices from KO mice with their CT littermates. In the first postnatal week, the number of sighs generated by KO slices was 0.11 Ϯ 0.06 sigh . min Ϫ1 and 2.26 Ϯ 0.04 sigh . min Ϫ1 in CT slices ( p ϭ 0.14, unpaired t test). Since previous data on the sigh generation in slices were obtained from a different strain of mice (CD-1) (Lieske and Ramirez, 2006), we further tested whether these findings could be extended to the strain used in this study (129/sv). Therefore we bath-applied -agatoxin IVA (30 nM) to slices from CT mice (P6 -P10) for 30 min. After 30 min, the burst frequency was significantly reduced to 72 Ϯ 6% of the burst frequency under control period (n ϭ 8; repeated-measures ANOVA, p Ͻ 0.001), while burst amplitude was slightly but significantly increased to 112 Ϯ 3% of control (repeated-measures ANOVA, p Ͻ 0.01). Sigh frequency was reduced in all CT slices from 0.32 Ϯ 0.08 sigh . min Ϫ1 under control condition to 0.05 Ϯ 0.04 sigh . min Ϫ1 in the presence of -agatoxin IVA (repeated-measures ANOVA, p Ͻ 0.001). In fact, while all CT slices sighed under control condition, sighs were completely abolished in six of them in the presence of -agatoxin IVA. The postsigh apnea lasted 183 Ϯ 13% of the respiratory cycle duration under control condition and its duration was not affected as long as sighs could be observed during -agatoxin IVA application (190 Ϯ 14%; paired t test, p ϭ 0.59). Overall these results were consistent with those and only a minority of the KO slices were able to generate sighs (E, F ). C, The typical biphasic pattern of a sigh burst on both the neuronal population activity (top trace) and a single inspiratory neuron recorded in whole-cell patch-clamp mode (bottom trace). F, Eupnea frequency and sigh proportions in slices of CT and KO mice from the first (top) and second (bottom) postnatal week. G, The postsigh apnea in KO mice had a tendency to be shorter in KO mice compared with CT mice (first postnatal week, n ϭ 15 CT and n ϭ 7 KO; second postnatal week, n ϭ 17 CT and n ϭ 17 KO). **p Ͻ 0.01.
previously obtained in a different mouse strain (Lieske and Ramirez, 2006) .
Hypoxic stimulation of the isolated preBötC network to generate sighs
To test whether we could activate sighs in KO mice, we exposed the slices to hypoxia. As described previously, replacing aCSF equilibrated with 95% O 2 with aCSF equilibrated with 95% N 2 leads to a biphasic response in the slice preparation with an early augmentation, followed by a late depression phase (Telgkamp and Ramirez, 1999; Lieske et al., 2000; Hill et al., 2011) . During the early augmentation phase, the preBötC network reliably generates multiple sighs before it reconfigures into gasping. Only one of five (20%) slices obtained from KO mice during the second postnatal week was able to generate sighs during hypoxia ( Fig.  3B-D) , while eight of nine (89%) slices from the CT littermates generated on average 2.22 Ϯ 1.39 sighs during the augmentation phase ( Fig. 3 A, C,D) . Following the augmentation phase (3-4 min after the onset of exposure to 0% O 2 ), the activity of the slices transitioned into the depression phase and generated gasping activity. There was no significant difference in the frequency or amplitude of the fictive gasping activity of KO mice compared with CT littermates (Fig.  3 A, B) . However upon reoxygenation, KO slices showed a significantly prolonged time to the first inspiratory burst (TTFB) compared with CT littermates (unpaired t test, t (12) ϭ 2.483, p Ͻ 0.05; Fig. 3C ).
In vivo recording of breathing activity in anesthetized ␣ 1A ؊/؊ mice exposed to hypoxic conditions We used anesthetized freely breathing CT and KO mice to characterize sigh generation under control conditions and in response to severe hypoxia in vivo (Fig. 4 A, B ; see Materials and Methods for details). Under control conditions, 4 of 10 CT mice (40%) but none of the seven KO mice (0%) spontaneously generated sighs (Fig. 4C ). Exposure to severe hypoxia for a short-term period (1-2 min) did not reveal any significant difference in the augmentation and depression phases or in the number of sighs and in the TTFB between the two groups (data not shown). In contrast, a longer exposure to severe hypoxia (3.5 min) led to a significantly reduced numbers of sighs (Mann-Whitney, p Ͻ 0.05) and a longer TTFB in the KO group (n ϭ 7, 105.78 Ϯ 43.81 s) compared with the CT group (n ϭ 10, 6.63 Ϯ 2.10 s; Mann-Whitney, p Ͻ 0.05; Fig. 4 F) . The ratio of mice that generated sighs during the hypoxic exposure was not different (5 of 10 CT mice compared 4 of 7 KO mice; Fig. 4C ). However, the mean number of sighs in the CT group was significantly higher (5.0 Ϯ 1.38, n ϭ 5) compared with the KO group (1.75 Ϯ 0.75, n ϭ 4) (MannWhitney, p Ͻ 0.05; Fig. 4 E) . Moreover, following the hypoxic exposure, all 10 CT mice recovered breathing to baseline conditions. By contrast, four of seven KO mice did not recover completely from the severe hypoxia. We therefore subdivided the KO group. We analyzed the TTFB in one group that survived the hypoxia and a second group that included all KO mice. Both groups showed a significant longer TTFB when compared with the CT group (ANOVA, p Ͻ 0.05; Fig. 4 F) . We conclude that the KO mice are more sensitive than the CT mice to exposure to severe hypoxia.
Muscarinic stimulation of the isolated preBötC network evokes qualitatively different responses in CT versus ␣ 1A
Ϫ/Ϫ mice Activation of muscarinic receptors with oxotremorine has been shown to increase sigh frequency in vitro (Tryba et al., 2008 ). Here we used bath application of muscarine (10 M), which increased sigh frequency in three of six (50%) slices prepared from KO mice during the first postnatal week that were sighing under control condition, while all 10 (100%) slices prepared from CT littermates showed an increase in sigh frequency (Fig. 5A-C) . Interestingly, none of the KO slices taken in the first postnatal week, which did not produce sighs under control, did so in the presence of muscarine (n ϭ 3 of 6). In KO slices in the second postnatal week, none showed sigh under control and only one of eight (12.5%) slices presented sigh activity after bath application of muscarine. In contrast, all of the five (100%) CT slices showed a significant increase (Ͼ100% increase in the frequency; repeated-measures ANOVA, p Ͻ 0.001) compared with control conditions (Fig. 5D) . It is noteworthy that, to reveal a potential stimulatory effect on sigh generation, including from slices that did not show sighs under control conditions, these numbers were calculated from all slices (the ones that did and the ones that did not produce sighs under control).
Interestingly, bath application of 10 M muscarine led also to a qualitatively different response of the eupneic activity in KO slices (Fig. 5B ) compared with CT slices (Fig. 5A) Tryba et al., 2008) . CT slices in the first postnatal week (n ϭ 10) and second postnatal week (n ϭ 5) showed a typical biphasic response (Fig. 5A) . After bath application of muscarine, the amplitude of the eupneic activity slightly increased in slices of the first postnatal week and showed no significant difference in slices prepared in the second postnatal week. In contrast, bath application of muscarine in KO slices profoundly decreased the eupneic bursting activity in slices prepared from the first (repeatedmeasures ANOVA, p Ͻ 0.01) and second postnatal weeks (repeated-measures ANOVA, p Ͻ 0.001; Fig. 5 B, E,F) .
Pharmacological inhibition of N-type calcium channels
To test whether the preBötC network following genetic ablation of the P/Q-type channels becomes more dependent on the Hypoxic responses in anesthetized freely breathing KO (n ϭ 7) and CT (n ϭ 10) mice. A-C, Typical responses of (A) a CT mouse and (B) a KO mouse of the second postnatal week after switching to a gas mixture containing 95% N 2 for 3.5 min. Note that CT mouse generated multiple sighs (A, stars) during the exposure to hypoxia, while the KO mouse only generated a single sigh (B). No statistical difference was detected in the number of mice that generated sighs before or during hypoxia (C). D, Total number of sighs generated during hypoxia in each case. The number of sighs generated before and during the hypoxic response was statistically higher in CT mice compared with KO mice (E). F, The TTFB was significantly longer in KO compared with CT mice. *p Ͻ 0.05. . E, F, Relative changes in the amplitude of fictive eupneic bursts during exposure to 10 M muscarine of slices obtained from CT and KO mice in the first (E) and second (F ) postnatal weeks of life. Note that the amplitude of fictive eupneic bursts was significantly lower in KO slices compared with CT slices (first postnatal week, n ϭ 10 CT and n ϭ 6 KO; second postnatal week, n ϭ 5 CT and n ϭ 8 KO). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. N-type (Ca v 2.2) calcium channels, we used a pharmacological approach.
In brainstem slices from CT mice, pharmacological blockade of the N-type calcium channel by conotoxin GVIA (0.5-1 M) led to a slight decrease in burst frequency (Fig. 6 A) in preparation obtained from postnatal week 1 (Fig. 6C ; n ϭ 10) and postnatal week 2 (Fig. 6 D; n ϭ 4) . By contrast, in slices from KO mice, bath application of conotoxin GVIA completely abolished all bursting activity in both postnatal week 1 ( Fig. 6C ; n ϭ 5) and postnatal week 2 (Fig. 6 B, D; n ϭ 7) , indicating that the KO but not the CT mice depend entirely on N-type calcium channels to generate respiratory activities ( p Ͻ 0.001).
As previously described, sighing activity persists under blockade of N-type calcium channel by conotoxin GVIA (Lieske and Ramirez, 2006) . Here in all slices from CT mice that sighed, the sighing activity was preserved. Interestingly the postsigh apnea was significantly reduced from 233 Ϯ 42% of the respiratory cycle duration under control condition to 152 Ϯ 34% of the respiratory cycle duration in the presence of conotoxin GVIA (paired t test, t (4) ϭ 3.551, p ϭ 0.02). This finding was consistent with a previous report (Lieske and Ramirez, 2006) and thus extends this mechanism to another mouse strain. Unfortunately none of the slices from KO mice tested in this set of experiments sighed under control conditions. Therefore we were not able to test the effect of conotoxin GVIA on sighs in KO slices.
Basic cellular firing properties of preBötC neurons of ␣ 1A
؊/؊ mice It has been reported that the P/Q-type channels are a determinant of the firing properties in some neuronal subtypes of the cerebellum (Llinás and Sugimori, 1980; Mark et al., 2011) and the inferior olive (Choi et al., 2010) . To test whether the preBötC neurons of KO mice have alterations in their firing properties, we recorded from inspiratory neurons of slices prepared from KO (n ϭ 8) and CT (n ϭ 15) mice. Inspiratory preBötC neurons were identified by their synchronous discharge pattern with population activity from contralateral preBötC (Fig. 7B) . We detected no significant difference in any of the analyzed properties (unpaired t test, resting potential, p ϭ 0.79; action potentials/burst, p ϭ 0.098; drive potential, p ϭ 0.713) (Fig. 7C-E) .
Alterations in the synaptic properties of ␣ 1A
؊/؊ mice We next investigated potential differences in synaptic transmission between KO and CT mice. As described in detail in Materials and Methods, EPSPs recorded in inspiratory neurons were electrically evoked from the contralateral preBötC (Fig. 8 A) . The amplitude of the EPSPs evoked in inspiratory neurons of KO (n ϭ 4) mice was significantly smaller than that of the EPSPs of CT mice (n ϭ 9, unpaired t test, t (11) ϭ 2.306, p Ͻ 0.05; Fig. 8C ). EPSPs could be completely abolished with conotoxin GVIA in KO mice (n ϭ 3), while it led to only a 30% reduction of the amplitude in CT mice (n ϭ 3, unpaired t test, t (4) ϭ 4.96, p Ͻ 0.01; Fig. 8 D, E) . No significant correlation was observed between the age of the animals and the amplitude of evoked EPSPs from either KO (n ϭ 4) or CT slices (n ϭ 8) (Fig. 8 B) .
Neuroanatomy of the preBötC area of ␣ 1A
؊/؊ mice To determine whether KO mice showed obvious qualitative differences in the anatomy and cellular organization in the brainstem, we first performed a set of histology experiments to assess brainstem gross morphology and neuronal composition in the preBötC. No apparent differences in the gross morphology of the brainstem were observed in either the first or second postnatal week as assessed by Nissl stain between CT and KO mice in transverse sections (Fig. 9A-D) . Schematic diagram of the brainstem in transverse view is shown in Figure 9E to better visualize the neuroanatomical location of major nuclei (including preBötC) and cranial nerves. To further investigate whether the composition of glutamatergic neurons within the preBötC area was different between KO mice and CT littermates, we used in situ hybridization to assess the expression and distribution of Vglut2 mRNA. The expression of Vglut2 mRNA in the brainstem did not show an overall change in the KO mice compared with CT for both stages evaluated (Fig. 9F-I') . To further assess whether the number of glutamatergic neurons was altered specifically in the preBötC area, we quantified the number of Vglut2-positive neurons within the preBötC area and we observed no difference between KO and CT mice at both age groups ( Fig. 9J; P5 , p ϭ 0.24; P13, p ϭ 0.28), suggesting (but not proving) that the observed decrease in synaptic transmission is not due to a decrease in the number of glutamatergic neurons. We also compared NK1R expression in CT and KO medulla at both first and second postnatal weeks. Transverse sections through the medulla at comparable levels of the preBötC revealed a compact, well defined arrangement and high density of NK1R-immunopositive cells in the first and second postnatal weeks of age (Fig. 9 K, K', M, M' ). We also did not find a change in cell number or reduced NK1R expression, as DAPIϩ nuclear staining revealed no change in the number of cell nuclei per preBötC (Fig. 9K'-N be qualitatively altered at this stage as determined by measuring fluorescence intensity (quantification not shown). To address whether cell death in the preBötC area could cause the breathing abnormalities we observed in the KOs in the second postnatal week, we immunostained for active-caspase-3 (AC3), a marker for apoptosis, but found no AC3-positive cells within the preBötC area of KO and CT littermates (data not shown).
Overall, these results suggest that the gross anatomical morphology and neuronal composition of the brainstem is largely unaltered in KO compared with CT mice.
Discussion
Mutations in voltage-gated ion channels have been implicated in numerous neurological disorders. Yet the clinical phenotypes are potentially complicated by compensatory genetic, neuromodulatory, and/or developmental changes. Here, we investigated the consequences of ablating the gene encoding the pore-forming ␣-1a subunit of Ca v 2.1, which in homozygous-null mice results in ataxia, motor dysfunction, and ultimately death within the first 3-4 postnatal weeks (Jun et al., 1999) . The consequences of conditional loss of function of Ca v 2.1 calcium currents has been studied in several brain regions, including the cerebellum (Jun et al., 1999; Iwasaki et al., 2000; Mark et al., 2011) , thalamus and neocortex (Iwasaki et al., 2000) , and brainstem (Choi et al., 2010) . A study using a conditional Ca v 2.1 KO in cerebellar Purkinje cells recapitulated most of the phenotype of the constitutive null KO (Mark et al., 2011) . However, these mice survive into adulthood, suggesting that other brain regions determine early lethality in the constitutive Ca v 2.1 KO background.
Here we characterized the effects of the loss of Ca v 2.1 on the neuronal control of breathing. KO mice showed increasingly severe breathing disturbances as they entered the second postnatal week, with only a few producing spontaneous sighs. Consistent with the presumed role of sighs in the prevention of atelectasis and maintaining lung compliance (Caro et al., 1960; Ferris and Pollard, 1960; Bendixen et al., 1964; Bendixen, 1964; Poets et al., 1997; Patroniti et al., 2002; Qureshi et al., 2009; Rival et al., 2011) , postmortem histology showed obvious anatomical signs of atelectasis among KO mice. The mixed inflammatory cell infiltrate in these lungs is consistent with pneumonia occurring by P12. Our data suggest, but do not prove, that sighs are important for maintaining normal functional residual capacity (FRC), which is necessary for clearing debris and pathogens from the lungs. We hypothesize that poor lung ventilation associated with the absence of sighs and reduced FRC causes atelectasis-related pathologies and contributes to early morbidity in Ca v 2.1 KO mice.
Loss of sighs and reduced eupneic frequency in KO animals were likely due to central mechanisms involving the preBötC. Consistent with in vivo plethysmography, fictive eupneic burst frequency was reduced in preBötC slices from KO mice. Moreover, only a minority of KO slices generated fictive sighs. These findings are reminiscent of pharmacological studies demonstrating that acute blockade of Ca v 2.1 in wild-type slices abolished fictive sighs and slowed eupneic bursts (Lieske and Ramirez, 2006) . Based on these studies, we did not expect that a subset of KO mice was capable of generating sighs. In CT slices, sigh-promoting stimuli, such as hypoxic exposure or muscarine, increased sigh frequency (Lieske et al., 2000; Tryba et al., 2008) . Thus, sighs are activated by a combination of presynaptic calcium currents with N-type calcium channels contributing 30% and P/Q-type channels contributing 70% to the presynaptic current. Without P/Q-type calcium channels, the remaining N-type calcium current is sufficient to generate slow eupneic activity, but insufficient to trigger sighs in the majority of cases. By contrast, without N-type calcium channels, sighs are still generated because 60% of the presynaptic current is mediated by P/Q-type calcium channels. We hypothesize that the synaptic currents mediated by N-type and P/Q-type currents activate an inward current that boosts the respiratory network to generate a sigh burst. Other studies have suggested that sigh generation involves the persistent sodium current (INaP), because blocking this current abolishes sighs but not eupneic activity (Peña et al., 2004) . Moreover, oxotremorine, which activates sighs, can initiate large amplitude bursts mediated by the INaP (Tryba et al.,  2008) . By contrast, eupneic activity seems to rely on calciumactivated nonspecific cationic (I CAN ) currents as its boosting mechanism . These currents may have a lower threshold to be activated. Hence eupneic activity is still maintained when synaptic mechanisms are only mediated by the N-type calcium current, such as is the case in KO mice. Thus, we propose that eupneic and sigh activities depend on different intrinsic "boost" mechanisms: INaP for eupneic activies and I CAN currents for sigh activities. These boost mechanisms are synaptically activated and may have different thresholds, hence explaining why loss of P/Q type calcium channels eliminates mostly sighs, while eupneic activity persists, albeit at lower frequencies. , D) , revealing no gross morphological defects of the medulla in KO mice (B, D) compared with CT mice (A, C) (white frame indicates preBötC area; CT, n ϭ 4; KO, n ϭ 4 for each age group). E, Schematic representation of a transverse section through the brainstem illustrating the area of the preBötC and other brainstem nuclei. XII, hypoglossus nucleus; Amb, ambiguus nucleus; Sp5, spinal trigeminal nucleus. F-I', In situ hybridization for Vglut2 on P6 (F, H ) and P13 (G, I ) transverse hemisections reveals normal expression and distribution of Vglut2 mRNA levels in glutamatergic neurons of the preBötC area (white frames show the magnified views in insets F'-I') in KO (G, G', I, I') compared with CT mice (F, F', H, H') at both age groups. J, Quantitative analysis of Vglut2-positive neurons within the preBötC area reveals no change in KO mice (white bars) compared with CT mice (black bars). K-K", Immunofluorescence for NK1R within the preBötC area (K-N ) and DAPI to label cell nuclei (K'-N), and merge images (K"-N"), showing that structural integrity of NK1R-positive cells is maintained in the preBötC area of P6 and P13 KO mice (L, L", N, N") compared with P6 and P13, respectively, control mice (K, K", M, M'). O, Histogram showing the number of cells (DAPIϩ) within the preBötC is not quantitatively changed both at P6 and P13 in KO and CT mice. Number (n) of mice indicated in the graph. Scale bars: A, 200 m (for A-I ); F', K, 50 m (for F'-N").
Many synapses rely on more than one Ca 2ϩ -channel subtype (Leenders et al., 2002; Urbano et al., 2002; Cao et al., 2005) and mutual compensatory mechanisms or functional redundancy between Ca 2ϩ -channel subtypes is well known (Qian and Noebels, 2000; Takahashi et al., 2004a,b; Kaja et al., 2006) . In the present study, we demonstrated functional redundancy using the specific blocker of Ca v 2.2 -conotoxin GVIA (Olivera et al., 1994; Kulak et al., 2001) , which reduced fictive respiratory frequency during the first and second postnatal weeks in controls, but abolished fictive respiratory activity (including sighs) in KO slices. Thus, respiratory rhythm generation became entirely dependent on Ca v 2.2 following Ca v 2.1 ablation.
Loss of Ca v 2.1 reduced glutamatergic transmission within the preBötC. Our pharmacological experiments confirmed that Ca v 2.2 accounts for ϳ30% of excitatory synaptic transmission (Lieske and Ramirez, 2006) . In KO slices, EPSP amplitudes were reduced, and further pharmacological blockade of Ca v 2.2 abolished EPSPs. Thus, synaptic transmission, which normally depends on both Ca v 2.1 and Ca v 2.2, becomes solely dependent on Ca v 2.2 in Ca v 2.1-null mice.
Why do these mutant mice survive initially and die later? An increased expression of Ca v 2.2 early in development could allow the initial survival of KO mice, and a subsequent developmental downregulation of Ca v 2.2 could result in death. Indeed, an -conotoxin GVIA binding study of the developing rodent brain reveals initially an increased and subsequently a reduced binding to Ca v 2.2 within the medulla (Filloux et al., 1994) . Notably, this reduction is most evident within the ventral medulla, even though intense labeling is maintained in the solitary tract nucleus into adulthood (Takemura et al., 1987 (Takemura et al., , 1988 . This finding is corroborated by studies in a variety of systems that indicate that postnatal synaptic transmission developmentally switches from Ca v 2.2 to Ca v 2.1 dependency (Filloux et al., 1994; Iwasaki and Takahashi, 1998; Rosato Siri and Uchitel, 1999; Iwasaki et al., 2000) .
However, the situation may be different for the respiratory network. We found no evidence for a developmental change in EPSPs between the first and the second postnatal weeks, nor for the ability of -conotoxin GVIA to reduce fictive respiratory frequency. Moreover, injection of -conotoxin GVIA into the preBötC of adult cats transiently blocks respiratory activity (Ramirez et al., 1998b) . These observations suggest that in the wild-type respiratory circuit, dependency on Ca v 2.2 is maintained into adulthood.
Alternatively, the delayed morbidity could be explained by a developmental change of other types of inward and outward currents (Nerbonne and Gurney, 1989; Xia and Haddad, 1994a,b; Gao and Ziskind-Conhaim, 1998; Brocard et al., 2006) , or by breathing disturbances that could cause intermittent periods of hypoxia, which in turn alter sodium currents and neuronal excitability (Xia et al., 2000; Zhao et al., 2005) .
Moreover, distinct developmental profiles may imbue different regions with the differential properties of the different ionchannel subtypes. For some central synapses, calcium influx triggers synaptic release more efficiently through Ca v 2.1 than through Ca v 2.2 (Wu et al., 1999; Hefft and Jonas, 2005) . For neocortical inhibitory inputs from parvalbumin-containing fastspiking interneurons to pyramidal cells, Ca v 2.1 may be beneficial at synapses with high probability of release and precise timing of neurotransmission. Other studies in hippocampus indicate that Ca v 2.1 is associated with synapses that exhibit synaptic depression, while Ca v 2.2 is predominantly associated with synapses that facilitate (Ali and Nelson, 2006) . Possibly, the immature respiratory network requires a mixture of Ca v 2.2 and Ca v 2.1 to generate sighs and fully functional respiratory activity.
Another possible factor contributing to the Ca v 2.1 KO phenotype may be altered neuromodulation. The ␣ 1a subunit colocalizes with cholinergic neurons (Plomp et al., 2000) , and here we found a dramatic difference in the respiratory response to muscarine between KO and CT slices. While muscarine reduced the respiratory frequency in CT slices and augmented sighs Tryba et al., 2008) , it completely abolished fictive eupnea in KO slices. Muscarine activates several receptors and can modulate both Ca v 2.2 and Ca v 2.1 (Endoh, 2007) . The suppression of respiratory activity in KO mice may not be too surprising. In this mutant network, synaptic transmission is presynaptically impaired because it relies only on 30% of the calcium current, which is mediated by Ca v 2.2. A neuromodulator that further inhibits Ca v 2.2, such as muscarine (Bernheim et al., 1992; Allen and Brown, 1993; Catterall, 1998; Perez-Rosello et al., 2005) , would completely abolish network interactions, leading to the cessation of respiratory rhythm generation. This altered modulatory response could have detrimental consequences in states characterized by increased cholinergic drive, such as wakefulness and rapid-eye-movement sleep (Horner, 1996; Doi and Ramirez, 2008; Saper et al., 2010) .
In conclusion, our study indicates that genetic ablation of Ca v 2.1 has multiple consequences at many levels of integration from the cellular to the behavioral level. We specifically hypothesize that a loss of sighs coupled with inefficient breathing leads to lung atelectasis, lung inflammation, and ultimately death. Conceptually, our study suggests that synaptic functions relying on more than one ion channel may continue to generate a behavioral output even if one of the ion channels is mutated. However, this mutated network activity is severely compromised, as it may succumb to an altered modulatory drive, or fail to generate the full spectrum of its possible activity patterns. Moreover, the loss of a single ion-channel subtype must be considered within the context of developmental changes of other ion channels. As a result, the same mutation may differentially affect neuronal, modulatory, and behavioral functions at different stages of development. Thus, while it is often assumed that compensatory mechanisms, such as the upregulation or downregulation of other channels, may significantly contribute to the complexity of a given phenotype, the present study indicates that developmental interrelationships and redundancy of different ion channels, receptors, and modulators play at least equally important roles in the complexity emerging from an apparently simple ionchannel mutation.
